ABSTRACT Short tandem repeats (STRs) are hypervariable genetic elements that occur frequently in coding regions. Their high mutation rate readily generates genetic variation, contributing to adaptive evolution and human diseases. We previously reported that natural ELF3 polyglutamine variants cause reciprocal genetic incompatibilities in two divergent Arabidopsis thaliana backgrounds. Here, we dissect the genetic architecture of this incompatibility, revealing as many as four loci putatively interacting with ELF3. We were able to specifically identify one such ELF3-interacting gene, LSH9. We further used a yeast two-hybrid strategy to identify proteins whose physical interactions with ELF3 were affected by polyglutamine tract length. We found two proteins for which this was the case, ELF4 and AtGLDP1. Using these two approaches, we identify specific genetic interactions and physical mechanisms by which the ELF3 polyglutamine tract may mediate the observed genetic incompatibilities. Our work elucidates how STR variation, which is generally underascertained in population-scale sequencing, can contribute to phenotypic variation. Furthermore, our results support our proposal that highly variable STR loci can contribute to the epistatic component of heritability.
VOLUTION is a tinkerer rather than a designer (Jacob 1977; Alon 2003) ; that is, adaptations are generally short-term, incremental fixes rather than alterations in fundamental biological plans. This principle is believed to underlie many design properties of biological systems. Thus, many (or most) genetic adaptations may be compensations for other genetic variants in a given background (Szamecz et al. 2014) . One abundant source of genetic variation for such tinkering lies in short tandem repeats (STRs), genetic elements with high mutation rates. Due to these high mutation rates, STRs may be more likely than substitutions to contribute adaptive variants on a per-locus basis (Kashi et al. 1997; Gemayel et al. 2010; Hannan 2010) . If compensation plays an important role in adaptation as predicted, we may expect that STRs also contribute compensatory variants at a higher rate (on average) than other loci. Although it may be difficult to establish directionality of compensation in any given case, for instance by ordering mutations chronologically, overall STRs should act as compensatory mutations more often than less mutable loci. To sum up, if "tinkering" is a dominant mode of adaptation, variable STRs affecting phenotype are then expected to show frequent epistasis with other loci. Indeed, this expectation is borne out in the handful of well-characterized STRs (Press et al. 2014) .
One such STR resides in the Arabidopsis thaliana gene ELF3, where it encodes a polyglutamine tract that varies in length across different natural strains (Tajima et al. 2007; Undurraga et al. 2012) . We have previously shown that these ELF3-STR variants have strong effects on phenotype, and that these effects differ depending on the genetic background expressing a particular variant (Undurraga et al. 2012 ). These observations suggest that background-specific variants are modifying the effect of STR alleles through epistasis. The high variability of the ELF3-STR relative to expectations suggests that this STR may compensate for many backgroundspecific polymorphisms across globally distributed strains of A. thaliana.
ELF3 has been previously identified as a plausible candidate gene underlying a QTL for trait variance (i.e., noise) in the phenotypes of A. thaliana recombinant inbred lines (Jimenez-Gomez et al. 2011; Lachowiec et al. 2015) . These results invite comparison to known "robustness genes" such as HSP90 (Sangster et al. 2007 (Sangster et al. , 2008a , which can reveal or conceal the phenotypic consequences of many other genetic variants. A mechanistic explanation of this robustness phenomenon is epistasis, in which a robustness gene interacts with many other loci (Queitsch et al. 2012; Lachowiec et al. 2015) , as for the promiscuous chaperone HSP90 (Taipale et al. 2010) . Our previous findings and the many studies describing ELF3's crucial functions in plant development lead us to hypothesize that ELF3 lies at the center of an epistatic network and that the ELF3 polyglutamine tract modifies these interactions.
It is well-established that ELF3 functions promiscuously as an adaptor protein in multiple protein complexes that are involved in a variety of developmental pathways (Liu et al. 2001; Yu et al. 2008; Yoshida et al. 2009; Nusinow et al. 2011; Chow et al. 2012; Huang et al. 2016) . Polyglutamine tracts such as the one encoded by the ELF3-STR often mediate protein interactions (Perutz et al. 1994; Stott et al. 1995; Schaefer et al. 2012) . Therefore, it is plausible that variation in the ELF3 polyglutamine tract affects ELF3's interactions with its partner proteins. The ELF3 C terminus, which contains the STR-encoded polyglutamine tract, is necessary for nuclear localization (Herrero et al. 2012 ) and ELF3 homodimerization (Liu et al. 2001) , but thus far relatively few proteins (PIF4 and TOC1) have been shown to interact with this domain (Nieto et al. 2014; Huang et al. 2016) . Thus, the phenotypic and epistatic effects of ELF3-polyQ variation may arise from altered protein interactions, altered ELF3 nuclear localization, altered regulation of the PIF4 developmental integrator, or a combination thereof. In consequence, there are a variety of potential mechanisms for epistatic interactions of ELF3 and other loci, and thus we consider the broadest interpretation of epistasis: the simple nonadditivity of effects of genetic variants.
Here, we use genetic analysis of the ELF3-STR-based incompatibility to identify ELF3-STR-interacting loci, and describe how ELF3-polyQ variation affects ELF3 protein interactions. This work presents evidence that this STR anchors a complex network of epistasis, potentially due to its role as a compensatory modifier of several other loci.
Materials and Methods

Plant material and growth conditions
We generated a Columbia (Col) 3 Wassilewskija (Ws) F 2 population by crossing to genetically map loci interacting with ELF3 in contributing to hypocotyl length. Seedling hypocotyl length was assayed in seedlings grown for 15 days in incubators set to short days (8 hr light:16 hr dark) at 22°on vertical plates as described previously (Undurraga et al. 2012) . The elf3-200 (Undurraga et al. 2012 ) and elf3-4 mutants have been previously described. Transfer DNA (T-DNA) lines (Alonso et al. 2003; Kleinboelting et al. 2012) were obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH). After phenotypic analysis, we stored seedlings at 4°b efore genotyping.
Genotyping
We genotyped the ELF3-STR across 720 F 2 segregants to identify ELF3 homozygotes for further genomic analysis. The STR differs by 27 bp and is thus readily distinguishable by agarose gel electrophoresis. We used one to two true leaves from each seedling for DNA extraction. PCR was performed in 10-ml volume containing 0.5 mM primers (Supplemental Material, Table  S1 ), 0.2 mM each deoxynucleotide triphosphate (dNTP), 1 ml 103 ExTaq buffer, and 0.1 units ExTaq (Takara, Tokyo, Japan); with initial denaturation step of 95°for 5 minutes, followed by 40 cycles of 95°30 seconds, 49°20 seconds, 72°10 seconds, with a final extension step at 72°for 5 minutes. For PCR analysis of other loci, PCR was performed in 20 ml volume containing 0.5 mM primers (Table S1 ), 0.2 mM each dNTP, 2 ml 103 ExTaq buffer, and 0.25 units Taq polymerase (NEB, Ipswich, MA); with initial denaturation step of 95°for 5 minutes, followed by 35 cycles of 95°30 seconds, 55°30 seconds, 72°1 minute, with a final extension step at 72°for 5 minutes.
Genome resequencing
We selected ELF3 homozygotes among the F 2 's for genotyping by sequencing according to their phenotypes. For each ELF3-STR allele, we selected 24 ELF3 homozygotes (Ws/Ws and Col/Col) at each phenotypic extreme (the shortest and longest hypocotyls). The sampling of extremes is an effective and statistically justified method for genetic mapping (Lander and Botstein 1989) . These 96 individuals were analyzed in a genotyping-by-sequencing approach ( Figure S1 and Table S3 ). These seedlings were transplanted to soil and grown under long days for 2-3 weeks. They were then stored at 4°until DNA extraction was performed. One late rosette-stage Ws individual was used for Ws whole-genome resequencing. DNA extraction was performed using the DNeasy Plant Mini kit (QIAGEN, Valencia, CA) according to the kit protocol. This DNA was quantified using high-sensitivity Qubit fluorescence analysis (ThermoFisher Scientific, Waltham, MA) and regenotyped with ELF3-STR primers (Table S1 ). We used 10 ng DNA from each F 2 segregant in NextEra transposase library preparations (Illumina, San Diego, CA), or a standard 50-ng preparation for the Ws library. Library quality was assessed on a BioAnalyzer (Agilent, Santa Clara, CA) or agarose gels. The Ws individual was sequenced in one 300-cycle MiSeq v2 run (300 bp single-end reads) to 123 coverage. The F 2 segregant libraries were pooled and sequenced in one 200-cycle HiSeq v3 run to 23 average coverage (100-bp pairedend reads, Table S3 ).
Sequence analysis
We aligned reads to the Col reference genome using BWA v0.7.5 MEM (Li 2013) , and variants were called using SAMtools v0.1.19 (Li et al. 2009 ). We identified high-quality Ws variants (Q . 40) from Ws parent data and compared these with variants in previously sequenced related strains (Gan et al. 2011 ).
We combined all F 2 segregant genotype calls into a single variant call format (VCF) file and filtered these for loci with such Ws variants. We used SNPtools (Wang et al. 2013) to perform haplotype and genotype imputation for each locus in F 2 segregants. For workflows employed in sequence analysis, see File S1. Following sequence analysis, we found one individual to be a heterozygote at the ELF3 locus. We omitted this individual from all following analyses requiring ELF3 homozygotes.
QTL analysis
We reduced F 2 genotypes to a set of 500 loci randomly sampled from the imputed genotypes, plus a single nucleotide variant (SNV) marking the ELF3 locus. We used these genotypes to estimate a genetic map and perform QTL analysis using the R/qtl package (Broman et al. 2003) . We genotyped 30 additional F 2 's (further ELF3 homozygotes with extreme phenotypes) with PCR markers (Table S1 ) to increase QTL accuracy. To directly test for epistasis with ELF3, we adapted a previously described method for evaluating interactions with prespecified loci (Sangster et al. 2008a) . We defined an empirical null distribution for the difference of LOD scores ("delta LOD") expected between random samples of genotyped F 2 's, comparing this to the actual difference observed between ELF3-Col and ELF3-Ws homozygotes. We implemented this custom nonparametric epistasis test using R/qtl functions. For a more detailed description of commands and the epistasis test, see File S1.
Candidate gene analysis
We assessed candidate gene function and interaction with ELF3 using homozygous T-DNA insertion lines (Alonso et al. 2003; Kleinboelting et al. 2012) obtained from the Arabidopsis Biological Resource Center. We phenotyped these lines for hypocotyl length under SD at 15 days as for F 2 's. All such experiments were performed at least twice. We obtained elf3 lsh9 and elf3 nup98 double mutants by crossing relevant lines and genotyping (primers in Table S1 ). Expression analysis confirmed no detectable LSH9 expression in the lsh9 mutant, suggesting that it is a null mutant. Mutant lines are listed in Table S2 .
Yeast two hybrid
We used yeast two hybrid (Y2H) to assess different proteins for interactions with ELF3 and specifically to test the hypothesis that ELF3-polyQ variation affects these interactions. We PCR cloned ELF3 variants with different STR lengths out of complementary DNAs (cDNAs) of previously described A. thaliana carrying ELF3 transgenes (Undurraga et al. 2012) into the XmaI/BamHI sites of pGBKT7. These included synthetic ELF3s with 0Q (no polyQ), 7Q (endogenous variant in Col), 16Q (endogenous variant in Ws), and 23Q (endogenous to strains Br-0 and Bur-0). We PCR cloned genes to be tested for ELF3 interactions into the EcoRI/XhoI sites of pGADT7 from cDNAs of indicated strains (Table S1 for primers). Clones were confirmed by restriction digest and sequencing. We performed a Y2H screen of the ELF3-7Q variant against the Arabidopsis Mate and Plate cDNA library (Clontech, Madison, WI), essentially according to the manufacturer's instructions, with selections performed on Synthetic Complete (C) 2Leu 2Trp 2His plates incubated at 23°. We tested clones, which also showed activation of the ADE2 reporter gene (and did not autoactivate) against the various ELF3-polyQ constructs (see File S1 for details, full details on clones given in File S2).
As a more quantitative assay of Y2H interaction, we assayed LacZ activity through X-gal cleavage essentially as previously described (Möckli and Auerbach 2004) , again in strains using PJ69-4a as MATa parent. LacZ expression is, like HIS3 and ADE2, also driven by Y2H in this system. For weakly activating constructs (GLDP1 and ELF4), we used 0.2 absorbance units of yeast in each assay to reduce background and assessed color development at points between 16 and 72 hr of incubation at room temperature.
Quantitative PCR
For measuring ELF3 and LSH9 transcript levels, we collected 30 mg pooled aerial tissue from short-day-grown seedlings of each relevant genotype at Zeitgeber time (ZT) 8 at 7 days postgermination. RNA preparation, reverse transcription, and quantitative PCR (qPCR) was performed as described previously (Undurraga et al. 2012) , using primers in Table S1 .
Statistical analysis
All statistical analyses and plotting was performed using R 3.2.1 (R Development Core Team 2016). Analysis scripts are provided with data as detailed below.
Data availability
High-throughput sequencing data are available in BAM format at National Center for Biotechnology Information Sequence Read Archive accession no. SRP077615. Processed genotype data, phenotype data, and analysis code are available at https://figshare.com/articles/Variable_ELF3_polyQ_modulates_ complex_epistasis_data_and_code/3467717.
Results
Genetic analysis of ELF3-STR effects on hypocotyl length
To investigate the genetic architecture of epistasis for the ELF3-STR, we used hypocotyl length under short days, a trait controlled by ELF3-STR variation (Undurraga et al. 2012) . We previously reported a mutual incompatibility of these ELF3-STR variants between the Col and Ws strains using transgenic analysis. Here, we phenotyped a Col 3 Ws F 2 population for this trait, which we expected to show substantial variation according to the segregation of the ELF3-STR variants.
The Col and Ws strains did not substantially differ in this trait (P = 0.16, Kolmogorov-Smirnov test, Figure 1A ). Although most F 2 seedlings showed phenotypes within the range of the two parental lines, the F 2 phenotypic distribution showed a long upper tail of transgressive variation and consequently a different distribution from either parent (P = 0.0039 against Ws, P = 0.055 against Col, Kolmogorov-Smirnov tests). As longer hypocotyls in light conditions indicate ELF3 dysfunction in the circadian clock (Liu et al. 2001) , this observation agrees with the hypothesized incompatibility of Col and Ws alleles (which include the ELF3-STR). We replicated this observation in a much larger population (1106 seedlings), which was used for further genetic analysis.
To investigate the genetic basis of the phenotypic transgression in hypocotyl length, we harvested approximately two of three seedlings representing the longest and shortest hypocotyls ( Figure S1 ). We genotyped the ELF3-STR in these seedlings and observed a strong main effect of ELF3 on phenotype ( Figure 1B) , in which the Col allele of ELF3 frequently showed transgressive phenotypes, although some individuals homozygous for the Ws allele also showed transgressive phenotypes. We cannot exclude any effect from ELF3-linked variants other than the STR, but given the known effects of ELF3-STR variation in these backgrounds (Undurraga et al. 2012) , we consider the STR as the most plausible Chr2 variant underlying the observed transgression. Specifically, a naïve regression analysis of the data in Figure 1B indicated that each ELF3-Col allele increased hypocotyl length by 0.87 6 0.077 mm, and that the ELF3 locus thereby explained 15% of phenotypic variation. This analysis is of course misleading, because it implies that Col seedlings should show longer hypocotyls than Ws seedlings due to ELF3 genotype, which is not the case ( Figure 1A ). Moreover, this observation suggests that the relevant epistatic model under which ELF3 operates with other loci is reminiscent of capacitance (Bergman and Siegal 2003) , in which mutational effects are revealed by ELF3 dysfunction.
Among these seedlings, the individuals with extreme phenotypes and individuals homozygous at the ELF3 locus are expected to be most informative about ELF3-STR effects on phenotype. Furthermore, ELF3 genetic interactions are expected to be most apparent in ELF3 homozygotes. Therefore, we focused our analysis on these homozygotes, which we analyzed using a genotyping-by-sequencing approach ( Figure S1 ). For details of our approach, see Materials and Methods and Figure  S2 , Figure S3 ).
Withthese data, we performed a one-locus QTL scan to identify chromosomal regions contributing to hypocotyl length ( Figure  2A ). This analysis indicated a QTL on Chr2 corresponding to ELF3 as expected, but also significant QTL on Chr1, Chr4, Chr5, and possibly one or more additional QTL on Chr2 affecting the phenotype. A two-dimensional QTL scan suggested that at least some of these QTL interact epistatically with the ELF3 locus ( Figure S4 ).
We investigated potential epistatic effects of ELF3 on other loci, performing one-dimensional QTL scans on each ELF3 homozygote background separately (masking the genotypes of all individuals with other ELF3 genotypes). This analysis identified loci whose effects are potentially contingent on one ELF3 allele or the other. We observed that the same LOD peaks were replicated well in ELF3-Col homozygotes, but poorly in ELF3-Ws homozygotes ( Figure 2B ). Notably, a second Chr2 QTL was thus made obvious in this analysis, indicating that loci other than ELF3 on Chr2 are relevant to the phenotype (at least in ELF3-Col plants). These results suggested that the ELF3-STR genotype is epistatic to at least three other loci controlling hypocotyl elongation, whose effects are masked in ELF3-Ws plants. To formally test for epistasis with ELF3, we compared the difference in LOD scores between the two QTL scans at all loci to a permutation-based null distribution, and found that the peaks on Chr1 and Chr4 (and to a lesser extent Chr2) were all stronger in the ELF3-Col background ( Figure  2C ). Consequently, each of these QTL likely contains one or more background-specific ELF3 interactors.
We considered the genetic contribution of these loci to the phenotype using a multiple QTL mapping approach, using both the independently estimated QTL locations and a refined model reestimating QTL positions based on information from all QTL (Table S4 ). In each case, loci on Chr1, Chr2, Chr4, and Chr5 were supported, along with interactions between Chr2 (ELF3) and the other two loci on Chr1 and Chr4. In the refined model, the ELF3 locus showed a dramatically higher LOD score and other loci generally decreased in importance (especially the second Chr2 locus), again suggesting epistatic masking by ELF3. We conclude that although ELF3 interacts epistatically with a variety of other loci in determining hypocotyl length, the principal contributors to ELF3-mediated effects on the trait appear to be on Chr1 and Chr4. Moreover, direct inspection of phenotypic effects of ELF3 in interaction with each putative locus among F 2 segregants supported the hypothesis of epistasis with ELF3 most clearly for the Chr1 and Chr4 loci ( Figure S5 ).
Candidate gene analysis identifies LSH9 as a genetic interactor of ELF3
The chromosome intervals identified by our QTL analysis encompassed a large number of genes and partially overlapped with an inversion between these backgrounds on Chr4 (Rowan et al. 2015), although the QTL peak was .1 Mb outside the mapped inversion. Previous work using a multiparent A. thaliana mapping population (Kover et al. 2009 ) also identified possible candidate genes affecting hypocotyl length in these regions (Khattak 2014) .
We phenotyped mutants of several candidate genes in the Col background under the conditions of our intercross experiment (15-day SD hypocotyl length, Figure S6 ). We observed small phenotypic effects of the T-DNA insertion mutants lsh9 and nup98. However, these small effects on their own cannot explain the transgressive phenotypic variation in F 2 's ( Figure 1A ).
The secondary Chr2 peak (other than ELF3) included the known ELF3 interactor PIF4. pif4 null mutants are known to partially suppress the long hypocotyl defect of elf3 mutants, and thus PIF4 is a candidate gene with prior support. However, our genetic data showed comparatively weak signal at the Chr2 peak when accounting for the ELF3 QTL, and its interval was very wide (18Mb , Table S4 ). When examining the actual phenotypic effects of this QTL, the interaction appeared ambiguous compared to the Chr1 and Chr4 signals ( Figure S5 ). We therefore focused on the novel candidate genes NUP98 on Chr1 and LSH9 on Chr4, given the strong support for their interaction with ELF3 in this population (Figure 2 , Figure S5 , and Table S4 ).
We generated double mutants between mutants of these genes and the elf3 null mutant to determine whether these genes interacted epistatically with ELF3. We found little evidence for an interaction between nup98 and elf3 mutations ( Figure S6C ). However, we detected a significant interaction between ELF3 and LSH9, in the form of reciprocal sign epistasis between the two null mutants affecting hypocotyl length ( Figure 3A) . Although lsh9 single mutants had significantly shorter hypocotyls than WT, lsh9 elf3 double mutant hypocotyls were substantially longer than in elf3 single mutants. LIGHT-DEPENDENT SHORT HYPOCOTYLS 9 (LSH9) is an uncharacterized gene belonging to a gene family named for LSH1, which is known to act in hypocotyl elongation (Zhao et al. 2004) . Publicly available expression data indicated that LSH9 transcript levels are highest in the hypocotyl and root and show light-dependent circadian fluctuations (Winter et al. 2007) . Like other genes in this family, LSH9 encodes a putative nuclear localization sequence but has no other distinguishing features.
To test our hypothesis that ELF3-STR-mediated epistasis may be due to altered protein interactions, we investigated whether LSH9 and ELF3 interacted physically using Y2H. However, we were unable to detect a physical interaction between the Col or Ws variants of LSH9 and ELF3 ( Figure  S7 ), suggesting a different mechanistic basis for the observed genetic interaction. For example, LSH9 expression may depend on ELF3 function as a transcriptional regulator. Alternatively, ELF3 expression may depend on LSH9 function. We tested both hypotheses by measuring expression levels of LSH9 and ELF3 in, respectively, elf3 or lsh9 mutant backgrounds (elf3 mutants were available in both Col and Ws backgrounds, but lsh9 mutants were available only in Col). ELF3 expression levels were unchanged in lsh9 mutants (Figure S8) . Moreover, levels of LSH9 transcript did not significantly differ between WT and elf3 mutants in either strain background. However, LSH9 expression was reduced in the Ws background relative to Col independently of ELF3 genotype ( Figure 3B ). This result is consistent with the observed phenotypic interaction in F 2 's, which showed elongated hypocotyls when Col alleles at the ELF3 locus cosegregated with Ws alleles at the LSH9 locus ( Figure S5 ), thereby pairing poorly functioning ELF3 alleles with potentially lower LSH9 expression levels.
Taken together, ELF3-LSH9 epistasis between Col and Ws may be due to regulatory changes between these two backgrounds altering LSH9 transcript levels. For example, genomic data indicate that the LSH9 promoter contains an STR polymorphism in the Ws background that may alter LSH9 expression (Alonso-Blanco et al. 2016 ).
ELF3-polyQ tract variation affects known protein interactions
While our QTL analysis identified several potential interactors of the ELF3 locus, there was no obvious mechanistic interpretation of ELF3 polyQ variation's effect on protein function. Based on prior knowledge on ELF3 and polyQ tract function (Schaefer et al. 2012; Huang et al. 2016) , we hypothesized that polyQ variation may affect ELF3's interactions with other proteins. Thus, in parallel with our genetic analysis, we used Y2H to directly identify A. thaliana proteins whose physical interactions with ELF3 are polyQ modulated. We first explored whether several variants of ELF3 (including 7Q and 16Q) show Y2H interactions with the well-described ELF3 interactors PHYB (Nieto et al. 2014) . None of the ELF3 constructs showed autoactivation in yeast when paired with an empty vector ( Figure S9 ). The ELF3-interacting domain of PHYB has two coding variants between Col and Ws, and we thus tested both Ws and Col variants of this domain. We found that both forms showed apparently equal affinity with all polyQ variants of ELF3. ELF4, which has no coding variants between Col and Ws, also interacted with all polyglutamine variants of ELF3, although rather weakly compared to PHYB. Under these conditions, a subtle preference of ELF4 for some polyQ variants was apparent (e.g., ELF3-16Q vs. ELF3-0Q). We confirmed this preference in a quantitative Y2H LacZ assay ( Figure 4B ). We were not able to replicate the previously reported ELF3-PIF4 interaction (Nieto et al. 2014) for any ELF3-polyQ variant in our Y2H system ( Figure S10 ) and were thus unable to evaluate effects of polyQ variation on ELF3-PIF4 interactions.
Together, our data suggest that ELF3-polyQ tract variation can affect ELF3 protein interactions, in particular if these interactions are weaker (as for ELF4) and presumably more sensitive to structural variation in ELF3.
Y2H screen identifies three novel ELF3 interactors, one of which is polyQ modulated None of the known ELF3 interactors were encoded by genes located in the major Chr1 and Chr4 QTL identified by our genetic screen. If the ELF3-polyQ tract mediates protein interactions, these regions should contain additional, previously undescribed polyQ-modulated ELF3 interactors. We screened the ELF3-7Q protein for interactions with proteins from a commercially available library derived from Col, to detect ELF3-protein interactions within the Col background.
We subjected Y2H positives to several rounds of confirmation (Supplementary Material), yielding a total of three novel proteins that robustly interacted with ELF3: PLAC8 domaincontaining protein AT4G23470, LUL4, and AtGLDP1 ( Figure  5 ). AT4G23470 was recovered in two independent clones, and LUL4 was recovered in three independent clones. The PLAC8 domain protein AT4G23470 is encoded by a gene within the QTL interval on chromosome 4, but this protein showed no variation in affinity among the various ELF3-polyQs. LUL4, a putative ubiquitin ligase, is not encoded in any of the mapped QTL and also shows no variation in affinity among the various ELF3-polyQs. Thus, differential interaction with these proteins is unlikely to underlie the observed epistasis.
In contrast, the AtGLDP1 protein, which is encoded on Chr4 but not within the QTL interval, appeared to show a subtle preference for the synthetic ELF3-0Q construct over longer polyQ tracts. We confirmed this preference in a quantitative LacZ assay ( Figure 5B ). Although our screen is unlikely to exhaust hitherto-unknown ELF3 interactors, our data suggest that the ELF3-polyQ tract can affect ELF3's interactions with other proteins. Moreover, polyQ variation appears to affect weaker ELF3-protein interactions; strong protein interactions (for example ELF3-LUL4 and ELF3-PHYB) are robust to polyQ variation. 
Discussion
The contribution of STR variation to complex traits is thought to be considerable (Kashi et al. 1997; Press et al. 2014) . Specifically, it has been proposed that STR variation contributes disproportionately to the epistatic term of genetic variance, due to its potential to contribute compensatory mutations. However, the molecular mechanisms by which different STRs contribute to genetic variance should derive from their particular features. For instance, polyQ variation may be expected to affect protein interactions (Perutz et al. 1994; Schaefer et al. 2012) or the transactivation activity of affected proteins (Escher et al. 2000) . In this study, we considered the case of the previously described ELF3-STR (Undurraga et al. 2012) .
We found that the genetic architecture of ELF3-dependent phenotypes is highly epistatic between the divergent Col and Ws strains, leading to substantial phenotypic transgression in the well-studied hypocotyl length trait (Zagotta et al. 1996; Dowson-Day and Millar 1999; Nusinow et al. 2011) . We identified at least three QTL showing genetic interactions with the ELF3-STR in a Col 3 Ws cross. These QTL generally did not coincide with obvious candidate genes known to affect ELF3 function (with the potential exception of PIF4). Our confirmation of one genetic interaction (LSH9) in the Col background suggests that these QTL encompass variants affecting hypocotyl length in tandem with ELF3-STR variation. We cannot formally exclude the hypothesis that variants linked to ELF3 (other than the Col and Ws ELF3-STR variants) may contribute to the observed phenotypic variation. For example, the ELF3-A362V substitution in the A. thaliana strain Sha affects ELF3 function in the circadian clock (this site is invariant between Col and Ws) (Anwer et al. 2014) . However, our previous work demonstrated that ELF3-STR variation suffices to produce strong phenotypic incompatibility between the Col and Ws background (Undurraga et al. 2012) . Therefore, we reason that ELF3-STR variation is the most parsimonious explanation for the phenotypic variation, and in particular the observed transgression in the Col 3 Ws cross.
We further used Y2H screening to explore whether ELF3 polyQ tract variation affects protein interactions. ELF3's promiscuous physical associations with other proteins are essential to its many functions in plant development (Liu et al. 2001; Kolmos et al. 2011; Nusinow et al. 2011; Herrero et al. 2012) . Disruption of these interactions suggested an attractive mechanism by which ELF3-polyQ tract variation might affect ELF3 function. Assaying several known and novel ELF3-interacting proteins yielded evidence for a modest effect of polyQ variation on weaker protein interactions. However, there was no generic requirement for specific ELF3 polyQ tract lengths across all interactors. Indeed, the modest effects that we found were interactor specific and thus not likely to generalize.
We did find that the ELF3-ELF4 interaction, which is crucial for circadian function and thus hypocotyl length (Nusinow et al. 2011; Herrero et al. 2012) , demonstrates a subtle preference for the Ws 16Q-ELF3 variant. However, there is no sequence variation in ELF4 between Col and Ws and we did not detect the ELF4 locus by QTL analysis, suggesting that this binding preference does not explain the transgressive phenotypes revealed by ELF3-STR variation (Figure 1A) . However, the subtle polyQ dependence of the ELF3-ELF4 interaction may play a role through indirect interactions.
Alternatively, rather than modulating ELF3 function as an encoded polyQ tract, the ELF3-STR may affect ELF3 transcription or processing. A previous study of an intronic STR in A. thaliana demonstrated that certain hyperexpanded STR alleles led to dysregulation of the IIL1 gene (Sureshkumar et al. 2009 ), presumably due to aberrant processing of IIL1 transcripts. Others have previously argued that such "informational" (as opposed to "operational") processes are more likely to have genetic or physical interactions (Jain et al. 1999 ). We have not tested this hypothesis, although our previous studies found no correlation between ELF3-STR variation and ELF3 expression across many natural strains (Undurraga et al. 2012) .
Taken together, our findings support a model in which highly variable STRs can contribute to the epistatic component of heritability through both direct and indirect functional interactions with other loci. One potential concern with our model is that one might expect highly epistatic loci to be more constrained than other loci, and thus unlikely to accumulate more compensatory mutations. Nonetheless, the existence of the ELF3-STR epistatic network suggests that the constraints are not insurmountable, potentially as a result of a cascade of compensations. The underlying evolutionary dynamics of this process, and of high mutation rates in general, deserve more study. 
ELF3 is a model for subexpansion polyQ variation
PolyQ variation is best known from hyperexpansions that are associated with several incurable human neurological disorders (Orr and Zoghbi 2007; Fondon et al. 2008; Usdin 2008; Hannan 2010) , in which CAG (although generally not CAA) repeats dramatically elongate to lengths .50 units, reaching over 200 units in some patients. We argue that these hyperexpansion disorders are poor models for the functional impact of subexpansion variation of polyQ tracts and propose instead that ELF3-polyQ might serve as a more appropriate model. Although ELF3-polyQ tract variation can reach a length associated with disease in humans, it differs qualitatively from the well-studied human polyQ tract hyperexpansions. Human polyQ hyperexpansions are associated with protein aggregation or plaque formation, a phenomenon that requires a sufficiently long uninterrupted polyglutamine domain (Sharma et al. 1999; Lu and Murphy 2015) . These previous in vitro studies suggest that although the ELF3-polyQ variants in Col and Ws are sufficiently different to alter phenotype, neither is long enough to lead to aggregation by these mechanisms (although the ELF3-23Q variant may be within this range).
Next, the effects of the disease-associated polyQ hyperexpansions are generally dominant, due to the nature of their molecular effects, which are generally thought to show a protein gain of function (Orr and Zoghbi 2007; Fondon et al. 2008) . We observed no evidence that ELF3-polyQ variation behaves in a dominant fashion, but rather that Col 3 Ws F 1 's show approximately WT phenotypes. The effects of ELF3-polyQ variation manifest only when separated from a favorably interacting genetic context (as in segregating F 2 's).
Last, the (sometimes implicit) expectation from polyQ hyperexpansion phenotypes is that there is a linear, or at least monotonic, association between phenotypes and polyQ length. For instance, the degree of huntingtin polyQ expansion is strongly correlated with Huntington's disease severity (Andrew et al. 1993) . In contrast, there is little evidence for any monotonic relationship between a ELF3-polyQ-related phenotype and ELF3-polyQ length (Undurraga et al. 2012; Press et al. 2014 Press et al. , 2016 . Indeed, all indications are that the mapping between ELF3-polyQ tract length and phenotype is nonmonotonic and strongly contingent on genetic background, unlike the classic polyQ disease models. Our results suggest that subexpansion polyQ tract variation can engage in multiple genetic interactions and at least in some cases modulate protein interactions. More work is needed to evaluate the generality of our findings and determine the breadth of molecular mechanisms by which modest, subexpansion polyQ variation can affect phenotype.
ELF3 as a robustness gene
Here, we operated under the assumption that a few strong polyQ-modulated interactions with ELF3 explain the polyQdependent genetic architectures. Alternatively, the ELF3 polyQ tract may modulate many transient interactions that are perturbed by hypomorphic ELF3 activity. In this interpretation, ELF3 acts as a "robustness gene" (Lempe et al. 2013 ). The best-described example of such is the protein chaperone HSP90 (Rutherford and Lindquist 1998) , whose multiple transient interactions with many proteins-10% of the yeast proteome (Zhao et al. 2005 )-lead to pleiotropic effects upon HSP90 inhibition or dysregulation (Sangster et al. 2007 ). ELF3 has been previously proposed as a robustness gene (Jimenez-Gomez et al. 2011) , consistent with its promiscuity in protein complexes and the pleiotropic nature of elf3 mutant phenotypes. Our finding that functional modulation of ELF3 by polyQ variation reveals several genetic interactors is consistent with this interpretation.
A similar hypothesis is that ELF3 "gates" robustness effects from robustness genes with which it interacts. For instance, we have recently shown that ELF3 function is epistatic to some of HSP90's pleiotropic phenotypic effects (M. Zisong, P. Rival, M. Press, C. Queitsch, and S. Davis, unpublished data), and ELF4 has also been proposed as a robustness gene governing circadian rhythms and flowering (Lempe et al. 2013) . Here, we show that polyQ variation affects ELF3-ELF4 binding, which would provide a mechanistic link between ELF3-polyQ effects and a known robustness gene.
These hypotheses remain speculative in the absence of more explicit tests. Nonetheless, we suggest that the pleiotropic effects of polyQ variation in ELF3 (or similar cases) may be better understood by considering ELF3 as a robustness gene, in which phenotypic effects are determined by a variety of important but individually small interactions of this highly connected epistatic hub.
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SUPPLEMENTARY INFORMATION -PRESS AND QUEITSCH 2016
SUPPLEMENTARY TEXT (File S1) Ws genome data. We resequenced the genome of the Ws (Wassilewskija) parent to ~12X coverage, calling 3.2*10 5 variants relative to Col, and used these variants as identifiers for Ws haplotype blocks. Comparisons of single nucleotide variants (SNVs) with related A. thaliana strains Ws-2 and Ws-0 yielded substantial overlap but also significant variation ( Figure S2 ), indicating good SNV ascertainment. For each F 2 individual, we mapped reads to the Col-0 reference and imputed haplotypes across each of the 96 individuals to identify chromosome blocks inherited from each parent ( Figure S3 ).
Resequencing data processing. Where appropriate, FASTQ files were demultiplexed according to barcodes (Table S3 ) using the illumina_demultiplexer.py script from the University of Idaho (https://github.com/ibest/GRC_Scripts/blob/master/Illumina_demultiplexer.py). Following alignment, duplicate removal, BAM conversion, and indexing, the following command was used to generate VCF files: $ samtools mpileup -uf TAIR10.fas.masked [.bam file list] bcftools view -vcg -> [output.vcf] Where TAIR10.fas.masked is the repeat-masked TAIR10 reference genome build in FASTA format. For SNVs tagging differences between Col and Ws, SNVs from F 2 s were filtered for membership in the Ws SNV call set, >1.5X average depth across libraries, and overall allele frequency 0.3-0.7 across libraries. This yielded approximately 230,000 variants. VCFs were then split by chromosome for SNPtools analysis. For each chromosome, commands were run according to SNPtools documentation (https://www.hgsc.bcm.edu/sites/default/files/software/SNPTools/V1_0/SNPToolsdocumentation-v1.1.pdf).
SNPtools imputation was used to assign genotypes across this large set of variants to the various F 2 s, resulting in a final VCF file with genotype probabilities across each. This file was parsed into a simple genotype QTL analysis: These genotypes were used for QTL analysis mapping the genetic basis of variation in hypocotyl length of segregants. Twelve loci were found to have strongly discordant genotypes (requiring many implausible recombinations), and were discarded before map re-estimation. Additional individuals were genotyped by PCR at informative markers and added to the analysis. One-and two-dimensional QTL analyses were performed using the commands scanone() and scantwo() using imputation to estimate QTLs. Notably, it was necessary to include phenotypes of all phenotyped F 2 s (not just the extremes), with genotypes marked as missing, to avoid effect size overestimation.
Interval mapping was performed with the bayesint() function. Multiple QTL mapping was performed with the mapqtl() function and refinement with the refineqtl() function.
The direct test for epistasis with ELF3 was implemented in the following fashion. We computed the difference in LOD profiles across all loci between segregants homozygous for the Col vs. Ws alleles of ELF3 (effectively, the difference between the two curves in Figure 2B ). This "delta LOD" profile captures the difference in apparent contributions of loci between segregants homozygous for each allele of ELF3. However, there is no obvious null distribution for this difference in profiles. Previously, this has been addressed by refitting QTLs to permuted phenotype data to estimate parameters of this null distribution (Sangster et al. 2008) . We chose a similar approach, by drawing random samples of genotyped individuals of equal size to the ELF3-Col/ELF3-Col and ELF3-Ws/ELF3-Ws samples. For 1000 such pairs of random samples, we performed QTL scans for each sample, and drew the null distribution from the difference between each such pair of scans. In contrast with the previous method, we elected to more conservatively use the permutation QTL differences directly to define an empirical nonparametric null distribution. From this distribution we set a 5% confidence threshold across the entire profile ( Figure 2C ).
Y2H screen: pGBKT7-ELF3-7Q, pGBKT7-ELF3-16Q, pGBKT7-ELF3-0Q, and pGBKT7-ELF3-23Q were transformed into yeast strain AH109, and pGADT7-ELF4 was transformed into yeast strain Y187 (Gietz and Woods 2006), along with their respective empty vectors. These transformants were mated, and positive yeast two-hybrid (Y2H) interaction was confirmed on C-leu-trp-his (-LTH) plates incubated for 4-7d at 23º before continuing with the Y2H screen. >200 positive colonies from the screen were patched to C-LTH and C-Ade to confirm reporter activation, and true activating colonies were analyzed by insert PCR and sequencing. Transformants for each clone were mated to AH109 carrying pGBKT7 as an empty vector or with various ELF3 inserts to test ELF3-prey interactions. We then tested each clone for independent activation of the ADE2 reporter, which reduced this pool to 67 clones (tabulated in detail in File S2). Removing duplicates and clones carrying multiple plasmids, these represented 36 unique coding DNA sequences. Four clones expressed cDNAs corresponding to known ELF3 interactor ELF4. Prey plasmid inserts were isolated from yeast using the Zymo Research Yeast Plasmid Prep kit (Irvine, CA) and re-transformed into the Y187 strain. Clones showing positive activation with ELF3-7Q were further transformed into chemically competent TOP10 E. coli, prepared with the ProMega plasmid prep kit (Fitchburg, WI), and re-tested in Y187 and PJ69-4α. We were able to confirm interactions for 3 of these clones.
Each of these clones thus went through 5 rounds of confirmation. Results shown are from PJ69-4α as MATα parent, which showed more robust activation (grew on C-LTHA, which Y187 did not). 
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